Introduction 4 6
The endoplasmic reticulum (ER) and Golgi network house the cellular machinery for 4 7 protein synthesis, maturation, and delivery to the intended subcellular compartments. 4 8
Environmental challenges such as heat, drought, and pathogen attack can drastically alter the 4 1 3 4
Results 1 3 5
Potexvirus TGB3 and potyvirus 6K2 induce expression of bZIP60, bZIP28, and bZIP17. 1 3 6
Increased accumulation of bZIP60, bZIP28, or bZIP17 transcripts is typically reported as 1 3 7 evidence of UPR activation (Iwata and Koizumi, 2012, Fanata et al., 2013) . Since research has 1 3 8
well established that the potexvirus TGB3 and potyvirus 6K2 proteins activate bZIP60-led 1 3 9 upregulation of UPR related genes, we investigated whether bZIP28 and bZIP17 led branch 1 4 0 pathways respond to delivery of these viral proteins. We established that quantitative RT-PCR 1 4 1 (qRT-PCR) could be used to detect changes in transcript levels of bZIP60 and other UPR related 1 4 2 chaperones at 2-and 5-days post infiltration (dpi) following agro-delivery of binary vectors 1 4 3 expressing the PlAMV TGB3, PVX TGB3, PVY 6K2, or TuMV 6K2 genes (Ye et al., 2011, Ye et 1  4  4 al., 2013 , Zhang et al., 2015 . In this study, binary constructs expressing PlAMV TGB3, PVX 1 4 5 TGB3, PVY 6K2, and TuMV 6K2 were delivered by agro-infiltration to individual Col-0 leaves 1 4 6 (n=3 plants). The treatment of mock controls was with A. tumefaciens cultures that did not 1 4 7
contain the constructs expressing the viral genes. Multiple infiltrated leaves were harvested from 1 4 8 each plant and pooled for RNA extraction at 2 and 5 dpi. The qRT-PCRs were performed with 1 4 9 the three experimental replicates to obtain the average level of RNA accumulation relative to the 1 5 0 mock-treated control within each experiment. Experiments were repeated multiple times to 1 5 1 confirm the reproducibility of individual experiments. At two dpi, bZIP17, bZIP28, and bZIP60 1 5 2 expression levels were between 2-and 11-fold higher than the control, following expression of 1 5 3 each viral TGB3 or 6K2 gene (Figure 1a ; P<0.05). At 5 dpi, bZIP60 expression levels remained 1 5 4 elevated in all samples (P<0.05) while bZIP17 transcripts declined to control levels for most 1 5 5 treatments except in PVX TGB3 treated leaves (Figure 1b ; P<0.05). The level of bZIP28 1 5 6 transcripts also dropped but remained above the control levels in PlAMV TGB3, and PVY 6K2 1 5 7 treated leaves (Figure 1b ; P<0.05). 1 5 8 1 5 9 bZIP60 and bZIP17 significantly reduce PlAMV-GFP accumulation. 1 6 0
We conducted a series of experiments to learn whether bZIP28 and bZIP17 play a role in 1 6 1 local infection by promoting or restricting virus accumulation in the inoculated leaves. 1 6 2
PlAMV-GFP infectious clones were used to inoculate bzip60, bzip17, bzip28, bzip60/bzip17 and 1 6 3 bzip60/bzip28 KO lines, as well as wild-type Col-0 plants. Immunoblot detection of the viral coat 1 6 4 protein (CP), as well as GFP fluorescence were used to detect virus infection in the inoculated 1 6 5 leaves. We examined leaves every day and determined that GFP fluorescence appears at 4 dpi. 1 6 6
We identified 5 dpi as the optimum time to isolate leaves for analysis ( Figure S1 ). Immunoblots 1 6 7 revealed higher levels of CP in bzip60, bzip17, bzip60/bzip17, and bzip60/bzip28 leaves than in 1 6 8 bzip28 or Col-0 leaves (Figure 2a ). Image J was used to quantify GFP fluorescence value (FV) in 1 6 9
individual leaves (n=6). Based on the average FVs, PlAMV-GFP accumulation was significantly 1 7 0 higher in the bzip60, bzip17, bzip60/17 and bzip28/bzip60 leaves (between 3.1-and 9.4-fold; 1 7 1 P<0.05) than in the Col-0 leaves (Figure 2b ). The FV on bzip28 leaves were not different from 1 7 2
Col-0 ( Figure 2b) . These data suggest that bZIP60 and bZIP17 significantly contribute to 1 7 3
restricting PlAMV-GFP local infection. 1 7 4
To learn if these bZIP factors play a role in promoting or restricting systemic infection, we 1 7 5
first conducted a time course to study GFP systemic accumulation until 19 days. GFP 1 7 6
fluorescence in Col-0 plants unloaded from the midrib and primary branching veins into the first 1 7 7
upper leaves at 12 dpi, and the fluorescence spread throughout several upper leaves 19 days 1 7 8
( Figure S1 ). While there was a continued spread of GFP beyond 19 dpi, the time between 10 and 1 7 9 19 dpi provided a linear range for GFP FVs that allowed comparisons between wild-type and KO 1 8 0 lines. By including 10 dpi as a time point, we were able to determine if the systemic infection was 1 8 1 earlier or delayed in the KO lines compared to the Col-0 plants. In these and subsequent 1 8 2 experiments, Image J was used to quantify systemic GFP fluorescence images taken at 10, 12, 1 8 3 17, and 19 dpi (n=6). The FVs were plotted and statistically analyzed (Figure 2c ; P<0.05). The 1 8 4
systemic FVs due to PlAMV-GFP increased at a high rate in bzip60, bzip17, and bzip60/bzip17 1 8 5 plants and were statistically different from the average FVs calculated in Col-0 plants (Figure 2c ; 1 8 6 P<0.05). It is interesting to note that PlAMV-GFP accumulation is significantly higher in 1 8 7 bzip60/bzip17 than in bzip17 plants. However, there was no significant difference between 1 8 8 systemic FVs in bzip60 and bzip60/bzip17 plants, suggesting that the bZIP60 and bZIP17 act 1 8 9
independently. The average FVs in Col-0, bzip28, and bipz60/bzip28 plants were not significantly 1 9 0 different from each other ( Figure 2c ; P<0.05). We first observed GFP at 10 dpi in the upper 1 9 1 leaves of bzip60, bzip17, and bzip60/zip17 plants but at 12 dpi in Col-0, bzip28, and bzip60/28 1 9 2 plants ( Figure 2d ). These combined results indicate that bZIP60 and bZIP17 contribute to 1 9 3
restricting the local and systemic infection of PlAMV-GFP, whereas bZIP28 does not limit 1 9 4
PlAMV-GFP infection. 1 9 5 1 9 6 bZIP60 and bZIP28 significantly reduce TuMV-GFP accumulation. 1 9 7
We conducted similar experiments to learn whether bZIP28 and bZIP17, alongside 1 9 8 bZIP60, promote or restrict TuMV-GFP local and systemic infection. We examined GFP 1 9 9
fluorescence each day to identify the optimum duration to measure GFP and coat protein levels 2 0 0 that is nearest to the time of gene induction, as direct indicators of virus accumulation in wild type 2 0 1 and mutant plants. The onset of TuMV-GFP infection in the inoculated leaves is slower than 2 0 2
PlAMV-GFP. Although we first observed GFP at 6 dpi, we identified 8 dpi was preferable for 2 0 3 immunoblot analysis of CP levels and fluorescence quantification ( Figure S1 ). Virus CP 2 0 4 accumulation was higher in bzip60, bzip28, bzip60/bzip17, and bzip60/bzip28 infected leaves 2 0 5 than in Col-0 infected leaves (Figure 2e ). The average FVs in the TuMV-GFP inoculated leaves 2 0 6 of bzip60, and bzip28 plants were significantly higher than in Col-0 plants (Figure 2f ; P<0.05, 2 0 7 n=6), whereas the average FVs in bzip17 leaves were not different from the average FVs in 2 0 8
Col-0 leaves. These data suggest that bZIP60 and bZIP28, but not bZIP17, contribute to 2 0 9 establishing local infection. 2 1 0
To learn if these bZIP factors play a role in promoting or restricting TuMV-GFP systemic 2 1 1 infection, we conducted time-course experiments to study GFP systemic accumulation over 19 2 1 2 days. GFP fluorescence in Col-0 plants appeared to be unloading into the first upper leaves at 12 2 1 3 dpi, and the fluorescence continued to spread through 19 dpi, similar to PlAMV-GFP ( Figure S1 ). 2 1 4
We measure GFP fluorescence at 10, 12, 17, and 19 dpi using the Image J software, and the 2 1 5
average FVs were statistically compared (n=6). The average GFP FVs were significantly higher 2 1 6 in bzip60, bzip28, bzip60/bzip28, and bzip60/bzip17 plants than in bzip17 or Col-0 plants ( Figure  2  1  7 2g; P<0.05). It is interesting to note that bzip60, bzip28, bzip60/bzip28 are not significantly 2 1 8 different, suggesting that effects of the mutations in bZIP60 and bZIP28 are not additive. At 10 2 1 9 dpi, GFP appeared systemically in bzip60, bzip28, bzip60/bzip28 and bzip60/bzip17 plants, but 2 2 0 appeared at 12 dpi in the upper leaves of bzip17 and Col-0 plants (Figure 2h ). Finally, these 2 2 1 results reveal that bZIP60 and bZIP28 restricts TuMV-GFP local and systemic infection. BAG7 is a recently discovered hallmark of UPR during heat stress and is involved in two 2 2 5 separate activities. First, BAG7 is engaged in the retention of bZIP28 in the ER. Second, BAG7 2 2 6
translocates to the nucleus where it participates with WRKY29 to upregulate genes involved in 2 2 7
heat stress resistance (Li et al., 2017) . We hypothesized that if bZIP28 2 2 8 plays a role in restricting TuMV-GFP but not PlAMV-GFP, then BAG7 may also be engaged in 2 2 9
regulating virus accumulation. First, Col-0 and bag7 plants were inoculated with PlAMV-GFP and 2 3 0 at 5 dpi, the average FV was 6.9-fold higher in the bag7 than in the Col-0 inoculated leaves 2 3 1 ( Figure 3a ; P<0.05; n=6). Immunoblots also showed that the CP levels were relatively higher in 2 3 2 bag7 compared to Col-0 leaves (Figure 3a ). These data indicate that BAG7 is engaged in 2 3 3
restricting PlAMV-GFP local infection. As in previous experiments, we recorded and statistically 2 3 4
analyzed FVs in systemic leaves between 10 and 19 dpi (Figure 3b ; n=12). In these experiments, 2 3 5 there was no difference in FVs in the upper leaves of Col-0 and bag7 plants (Figure 3b and c; 2 3 6 P<0.05). These results demonstrated that BAG7 is essential for restricting PlAMV-GFP local 2 3 7 infection in the inoculated leaves but does not limit systemic infection. 2 3 8
In TuMV-GFP inoculated and systemic leaves, the FVs and CP levels were similar in 2 3 9
bag7 and Col-0 plants (Figure 3d , e and f; P<0.05) demonstrating that BAG7 does not restrict 2 4 0 local or systemic TuMV-GFP infection. 2 4 1 2 4 2 TGB3 and 6K2 induce NAC089 and NAC103 expression. 2 4 3
The NAC089 and NAC103 encode transcription factors and are among the canonical 2 4 4
UPR genes that relay ER stress signals from bZIP60 and bZIP28. NAC089 regulates 2 4 5 downstream genes involved in programmed cell death and proteasome degradation of proteins, 2 4 6 such as BAG6, while NAC103 activates downstream UPR genes including CRT1 and CNX1 and 2 4 7 PDI5 (Sun et al., 2013 , Yang et al., 2014 . To gain evidence that the downstream 2 4 8 UPR-responsive genes NAC089 and NAC103 are sensitive to the potexvirus TGB3 or potyvirus 2 4 9 6K2 proteins, binary plasmids containing these PlAMV TGB3, PVX TGB3, TuMV 6K2 and PVY 2 5 0 6K2 genes were agro-infiltrated to Col-0 as well as bzip60, bzip28 and bzip17 plants. Then we 2 5 1 performed qRT-PCR to examine changes in transcript accumulation at 2 dpi. Elevated levels of 2 5 2 NAC089 ranged between 8-and 37-fold in Col-0 plants treated with each viral elicitor ( Figure 4a ; 2 5 3 P<0.05). However, in the bzip60, bzip28, and bzip17 plants, the NAC089 transcripts were 2 5 4 reduced (Figure 4a ; P<0.05). In bzip60/bzip17 and bzip60/bzip28 plants, there was no induction 2 5 5
following treatment with each of these viral elicitors, suggesting an additive effect of the 2 5 6 combined genes. 2 5 7
In Col-0 plants, NAC103 was induced by approximately 2.5-fold following expression of 2 5 8 the TGB3 or 6K2 proteins ( Figure 4b ; P<0.05). In bzip17 and bzip28 plants, NAC103 expression 2 5 9 ranged from 3-to 8-fold above the control leaves, except in the case of PVY 6K2 which did not 2 6 0
show a significant change in bzip28 plants. Gene induction was not observed in bzip60, 2 6 1 bzip60/bzip17 and bzip60/bzip28 plants (Figure 4b ; P<0.05). These combined data suggest that 2 6 2 TGB3 and 6K2 induced NAC089 and NAC103 expression. NAC089 relays UPR gene activation from bZIP60, bZIP28, and bZIP17, to upregulate ER 2 6 6 stress-responsive genes, including BAG6 (Yang et al., 2014) . BAG6 is a co-chaperone that is 2 6 7 conserved across eukaryotes involved in protein quality control and proteasome elimination of 2 6 8 abnormal proteins (Yamamoto et al., 2017) . The human BAG6 aids the folding of 2 6 9 aggregation-prone proteins, polyubiquitinated proteins, and transmembrane proteins (Kawahara 2 7 0 et al., 2013) . The Arabidopsis BAG6 contributes to autophagy that is associated with disease 2 7 1 resistance to Botrytis cinerea (Li and Dickman, 2016, Li et al., 2016) . We observed the 2 7 2 accumulation of PlAMV-GFP and TuMV-GFP in the systemic leaves of nac089 and bag6 plants 2 7 3 and quantified FVs ( Figure 5; n=6 ). We did not conduct experiments to test the role of NAC103 in 2 7 4
virus infection because there are no available homozygous mutant lines (https://abrc.osu.edu) 2 7 5
with altered NAC103 expression. 2 7 6
As in previous experiments, GFP was a reporter of PlAMV-GFP and TuMV-GFP systemic 2 7 7 infection in nac089 and bag6 plants. Among PlAMV-GFP inoculated plants, the FVs were 2 7 8 significantly higher in nac089 than in Col-0 plants (Figure 5b ; P<0.05). However, the average 2 7 9
FVs in Col-0 and bag6 plants were not significantly different (Figure 5b ; P>0.05). These results 2 8 0 suggest that NAC089, like bZIP60 and bZIP17, although to a lesser extent, reduce PlAMV-GFP 2 8 1 systemic accumulation, whereas BAG6 is not a factor of PlAMV-GFP infection. Regarding 2 8 2
TuMV-GFP infection, the FVs in systemic leaves were unaffected in nac089, bag6 compared to 2 8 3
Col-0 plants (Figure 5d ; P>0.05). Finally, these results suggest that NAC089 has a role in 2 8 4
restricting PlAMV-GFP systemic accumulation and that BAG6 is not involved in the systemic 2 8 5 accumulation of either virus. 2 8 6 2 8 7
Increased protein folding capacity reduces PlAMV-GFP accumulation. 2 8 8
Cells gain tolerance to ER stress by increasing the protein folding capacity of the ER 2 8 9
through enhanced expression of chaperones. BiPs are among the primary targets of UPR 2 9 0 signaling pathways converging on their activation in response to ER stress. Because Arabidopsis 2 9 1
BiP1 and BiP2 share 97% nucleotide and 99% amino acid sequence identities, we could not 2 9 2 sperately quantify these transcript levels using qRT-PCR. BiP3 is 80% identical to BiP1/2, and 2 9 3 PCR primers can differentially detect these transcripts (Noh et al., 2003 , Srivastava et al., 2013 . 2 9 4
At 5 dpi, the BiP1/2 transcripts were higher following agro-delivery of TuMV or PVY 6K2 (Figure 2 9 5 6a; P<0.05) but not following expression of the PlAMV or PVX TGB3 genes. However, BiP3 2 9 6 transcripts were elevated 3-to 4-fold above the control in response to expression of PlAMV 2 9 7 TGB3, PVX TGB3, PVY 6K2, and TuMV 6K2 (Figure 6a ; P<0.05). 2 9 8
To examine the importance of the protein folding capacity in virus accumulation, we 2 9 9
quantified virus-GFP fluorescence in infected plantlets grown on MS medium with added DTT 3 0 0 and TUDCA. DTT causes significant ER stress in plant cells by reducing protein disulfide bond 3 0 1 formation and reducing the protein folding capacity. TUDCA is a chemical chaperone that 3 0 2
alleviates ER stress when applied to plants because it mitigates protein aggregation and 3 0 3 stabilizes protein conformation (Zhang et al., 2015 , Fernández-Bautista et al., 2017 3  0  4 al., 2017). We were unable to infect young plantlets with TuMV-GFP and conducted these 3 0 5
experiments only with PlAMV-GFP. We inoculated 10-day-old Col-0 seedlings with PlAMV-GFP 3 0 6
and transferred them to MS medium alone, with added 0.1 mM DTT, or with added 0.5 mM 3 0 7
TUDCA (Figure 6b and c) . At 15 dpi, we measured the fluorescence in crude extracts and 3 0 8 calculated the average FV relative to the average sample fresh weight for each treatment ( Figure  3  0  9 6c). The FV of PlAMV-GFP infected plantlets grown on DTT containing medium were higher than 3 1 0
FV of infected plantlets grown on MS medium alone (Figure 6c ; P<0.05). These data suggest 3 1 1 that compromising the protein folding capacity of the cell favors virus infection. On the other 3 1 2
hand, PlAMV infected plantlets grown on the TUDCA containing medium showed lower FV than 3 1 3 the controls (Figure 6c ; P<0.05) suggesting that increasing the protein folding capacity leads to a 3 1 4 decrease in virus accumulation. 3 1 5
We also grew bzip17, bzip28 and bzip60 infected plantlets with PlAMV-GFP on MS 3 1 6 media alone, with 0.1 mM DTT or with 0.5 mM TUDCA. These infected plantlets grew slowly on 3 1 7
DTT containing medium and we could not generate an adequate fluorescence dataset. Thus, we 3 1 8
only analyzed infected seedlings grown on MS and TUDCA containing medium. PlAMV-GFP 3 1 9
fluorescence was lower in bzip17, bzip28, and bzip60 plants grown on TUDCA medium 3 2 0 compared to the fluorescence obtained from plants grown in regular MS media (Figure 6d ; 3 2 1 P<0.05). These combined data demonstrate that TUDCA can mitigate mutations affecting the 3 2 2
UPR machinery during PlAMV-GFP infection. Finally, this result shows that expanding the 3 2 3 protein folding capacity leads to decreased PlAMV-GFP accumulation and suggests that the 3 2 4
maintenance of the functional protein folding machinery is vital for plants to restrict virus 3 2 5
infection. 3 2 6 3 2 7
Discussion 3 2 8
This study demonstrates that the bZIP17/bZIP28 pathway, alongside the IRE1/bZIP60 3 2 9
pathways, restrict PlAMV and TuMV infection in Arabidopsis plants. The PlAMV TGB3 and TuMV 3 3 0 6K2 proteins trigger the bZIP28/bZIP17 pathway and the IRE1/bZIP60 pathway of the UPR, 3 3 1 which increases the expression of NAC089 transcription factors. These alternative pathways 3 3 2 converge to activate expression of chaperones like BiPs, that are essential for the proper 3 3 3 function of the cell, but also restrict virus infection. 3 3 4
Data presented here demonstrates bZIP60, bZIP17, and BAG7 serve to limit early events 3 3 5
in PlAMV-GFP infection. The higher accumulation of PlAMV-GFP in bzip17 and bzip60 than in 3 3 6
Col-0 plants, clearly demonstrated that both bZIP17 and bZIP60 have a role in restricting local 3 3 7
and systemic infection. In Figure 2 PlAMV-GFP accumulation in the inoculated and systemic 3 3 8 leaves in the bzip17 and bzip60 plants were not significantly different, indicating that both factors 3 3 9
are essential for restrict PlAMV accumulation. Moreover, systemic infection was not statistically 3 4 0 different in the bzip60/bzip17 relative to the bzip60 plants indicating that these factors do not act 3 4 1 additively. Since bZIP60 and bZIP17 form heterodimers for inducing target genes (Deppmann et 3 4 2
al., 2004), these two factors may act synergistically to induce specific genes that restrict 3 4 3
PlAMV-GFP accumulation. We were surprised by the results indicating that PlAMV-GFP 3 4 4
accumulation is unaltered mainly in bzip28 and bzip28/bzip60 compared to Col-0 plants. Since 3 4 5
PlAMV-GFP CP and FVs are typically higher in bzip60 plants, we expected to observe higher 3 4 6
PlAMV-GFP accumulation in both bzip60/bzip28 and bzip60 plants. It is possible that bZIP28 3 4 7 and bZIP60 redundantly upregulate unknown factor(s) providing positive support for PlAMV 3 4 8
infection and that defects in both genes overcome the defect in bzip60 plants. Such factors 3 4 9
would likely not be downstream of NAC089 (which also serves to limit PlAMV infection) but 3 5 0 would likely involve another downstream signal. 3 5 1
Given that it is well established that the bZIP17/bZIP28 and IRE1/bZIP60 pathways relay 3 5 2 information for nuclear gene expression that activate pro-survival and pro-death pathways in 3 5 3 plants, it is reasonable to consider that these ER stress sensors might also initiate signaling 3 5 4
cascades that can activate cellular responses that may limit or promote virus infection. In this 3 5 5 model, bZIP60 and bZIP17 synergistically induce genes restricting PlAMV infection, whereas 3 5 6 bZIP60 and bZIP28 independently induce genes supporting PlAMV infection ( Figure S2) . In 3 5 7
bzip60 and bzip17 plants, bZIP17 or bZIP60 alone do not induce genes restricting virus infection, 3 5 8
whereas bZIP28 induces genes that promote higher PlAMV accumulation. In Col-0 and bzip28 3 5 9
plants, bZIP60 and bZIP17 may together induce genes restricting virus accumulation, while 3 6 0 bZIP60 may act alone to induce genes supporting PlAMV infection. Finally, in bzip60/bzip28 3 6 1 plants, the phenotype observed in bzip60 plants is alleviated by the absence of supporting genes 3 6 2 induction by bZIP28 ( Figure S2 ). 3 6 3
This study also showed that bZIP60 and bZIP28 are principally important for limiting 3 6 4
TuMV-GFP accumulation in the inoculated and systemic leaves ( Figure S3 ). The results in 3 6 5 Figure 2 indicate that bZIP28 and bZIP60 are essential, although not additive, to limit TuMV-GFP 3 6 6
accumulation. The GFP FVs measured in systemic leaves were comparable between bzip60, 3 6 7 bzip28, and bzip60/bzip28 plants, suggesting that these factors may synergistically activate 3 6 8
genes that limit infection. The bZIP17 and NAC089 likely do not contribute to the restriction of 3 6 9
TuMV-GFP accumulation since GFP FVs were unaltered in the bzip17 or nac089 plants 3 7 0 compared to Col-0 plants. Based on these results we propose a model in which bZIP60 and 3 7 1
bZIP28, but not bZIP17 are virus-limiting factors, that may have overlapping target genes ( Figure  3 
The bZIP28 resides in a bZIP28/BAG7/BiPs complex in the ER under normal conditions, 3 7 4 and this complex dissociates during ER stress, sending bZIP28 and BAG7 into the nucleus 3 7 5
where they separately regulate gene expression (Li et al., 2017) . Surprisingly loss of BAG7 3 7 6 seems to hamper PlAMV-GFP infection in the inoculated leaves whereas bZIP28 is not a factor 3 7 7
during PlAMV infection. Further experiments are needed to test whether stress tolerance 3 7 8 associated with BAG7 is the result of BAG7 chaperone functions in the ER as well as 3 7 9
BAG7-WRKY29 interactions in the nucleus. The hypothesis that BAG7-WRKY29 gene regulation 3 8 0 is a factor in virus infection is particularly intriguing because WRKY29 is engaged in 3 8 1 pattern-triggered immunity (Asai et al., 2002) . Overexpressing WRKY29 may enhance disease 3 8 2 resistance to Fusarium graminearum infection and other pathogens (Sarowar et al., 2019) . It is 3 8 3 reasonable to consider that the PlAMV TGB3 protein might activate UPR in a manner that 3 8 4
produces cytoprotective chaperones while also managing anti-viral immunity. We also postulated 3 8 5
that ER-to-nucleus signaling via the bZIP28 branch of the UPR would be less restricted in bag7 3 8 6
plants (Williams et al., 2010) . Notably, loss of BAG7 expression did not alter the levels of 3 8 7
TuMV-GFP in systemic leaves suggesting the difference between bZIP17 and bZIP28 in 3 8 8
potyvirus and potexvirus restriction is linked to their own activation. Finally, for both PlAMV-GFP 3 8 9
and TuMV-GFP BAG7 seems to act independent of bZIP28 in regulating virus infection. 3 9 0
Other research shows that bZIP transcription factors form heterodimers to expand the 3 9 1 diversity of ER stress-induced genes that they can activate. Many reports have shown that 3 9 2 bZIP17, bZIP28, and bZIP60 co-regulate specific genes in a manner that can expand the pattern 3 9 3 of tissue expression, the timing of gene induction, or the magnitude of the response (Liu and 3 9 4
Howell, 2010, Henriquez-Valencia et al., 2015 , Angelos et al., 2017 , Kim et al., 2018 3  9  5 al., 2018). These bZIP transcription factors can also act alone, as homodimers, to activate 3 9 6 specific downstream genes. For example, bZIP60 directly binds to the cis-element pUPRE-III 3 9 7 (Sun et al., 2013) , whereas only bZIP17 can activate some specific downstream transcription 3 9 8
responses in response to salt stress (Liu et al., 2007b) . Our results support a model in which 3 9 9
bZIP60 act independent of bZIP28 for support PlAMV infection or, can act synergistically with 4 0 0 bZIP17 or bZIP28 to limit PlAMV and TuMV infection, respectively (Figure 7) . Consequently, the 4 0 1 different affinities of bZIP17, bZIP28 and bZIP60 to cis-regulatory elements of UPR genes could 4 0 2 explain the differences observed between PlAMV and TuMV infection in the KO mutant plants 4 0 3
and reveals a fine-tuning of UPR in plants following virus infection. 4 0 4
Most reported studies of UPR signaling in Arabidopsis have typically used ER 4 0 5
stress-inducing agents such as heat, tunicamycin, or DTT. Investigations to uncover the 4 0 6 molecular basis of adaptive UPR typically examine root and shoot growth of seedlings following 4 0 7 short term or chronic treatments with these ER stress-inducing agents. The results of such 4 0 8 studies indicate that bZIP28 and bZIP60 act in parallel to modulate common sets of ER 4 0 9
stress-responsive genes engaged in adaptive UPR and ER stress recovery as well as chronic 4 1 0 ER stress (Angelos et al., 2017 , Ruberti et al., 2018 . Prior studies characterized bZIP28 and 4 1 1 bZIP60 as having partially redundant roles in UPR and stress recovery in roots, but function in 4 1 2 parallel in shoot tissues (Ruberti et al., 2018) . By using identified viral elicitors of UPR and by 4 1 3
infecting Arabidopsis plants with PlAMV-GFP and TuMV-GFP, we were able to contrast the 4 1 4 transcriptional responses to ER stress and the requirements for bZIP factors to limit virus 4 1 5 accumulation. Until now, bZIP17 was only known for its ability to engage in salt stress responses 4 1 6
and vegetative growth. This study reports the involvement of bZIP17 in virus-induced ER stress 4 1 7
and suggests that bZIP17 is also involved in maintaining ER homeostasis under chronic 4 1 8
virus-induced ER stress (Figure 7) . 4 1 9
This study also examined the roles of two NAC factors that are known to relay information 4 2 0 from the bZIP factors for UPR gene activation (Nawkar et al., 2018) . The results indicate that 4 2 1 NAC089 and NAC103 respond to TGB3 and 6K2 transient expression. PlAMV-GFP, but not 4 2 2
TuMV-GFP accumulation was elevated in nac089 than in Col-0 plants, suggesting that NAC089 4 2 3
restricts PlAMV infection. NAC089 modulates BAG6 gene expression, and our data shows that 4 2 4
BAG6 is not a factor in regulating PlAMV-GFP and TuMV-GFP accumulation. BAG6 was 4 2 5
particularly interesting because of its function as a co-chaperone engaged in protein turnover in 4 2 6 mammals and its role in plants in regulating autophagy and programmed cell death in response 4 2 7
to fungal pathogens (Yang et al., 2014 , Li and Dickman, 2016 , Li et al., 2016 . We carried out a 4 2 8
brief analysis of ATG8 lipidation in ire1a/ire1b, bzip60, bzip28, bzip17, nac089 and bag6 plants 4 2 9
which did not reveal differences in autophagy processes following PlAMV-GFP and TuMV-GFP 4 3 0 infection suggesting that autophagy is not linked to UPR during these infection (Figure. S4 ). 4 3 1
Overall, the results in this study suggest that the role of NAC089 during PlAMV infection is 4 3 2 probably linked to regulating ER stress and cellular homeostasis rather than autophagy and cell 4 3 3
death. 4 3 4
The UPR is mainly responsible for increasing the protein folding capacity of the ER 4 3 5 through enhanced expression of the chaperones such as BiP, CRT, CNX, and PDI. We 4 3 6
previously demonstrated that TGB3 activates expression of CRT2 and PDI in Arabidopsis and N. 4 3 7
benthamiana (Ye et al., 2011) and this study showed that TGB3 and 6K2 induce expression of 4 3 8
BiPs. Overexpression of N. tabacum BiP-like protein 4 protects against viral-induced necrosis 4 3 9 (Leborgne-Castel et al., 1999 , Ye and Verchot, 2011 , Ye et al., 2013 . We show that decreasing 4 4 0 or increasing the folding capacity of Arabidopsis plants through DTT and TUDCA application 4 4 1 leads to a significant increase or decrease of PlAMV-GFP accumulation, respectively. Using 4 4 2 TUDCA to mitigate defects in UPR signaling during PlAMV infection provided further evidence 4 4 3 that maintaining healthy protein folding activities is essential for limiting virus infection. 4 4 4
Altogether, these results suggest that during virus infection, UPR works to maintain a functional 4 4 5 protein folding machinery for repress virus accumulation (Figure 7) . The role of the protein 4 4 6
folding machinery in virus inhibition is not clear, but one can imagine that the virus actively 4 4 7
highjacks the protein folding machinery from its normal focus on cellular proteins to fold viral 4 4 8
proteins. Under these conditions, increasing the protein folding capacity would allow the cell to 4 4 9 protect homeostatic protein production and ensure proper production of defense proteins. 4 5 0
However, regarding the synergic action of bZIP factors involve in UPR associated virus inhibition 4 5 1 and differences observed between PlAMV and TuMV, the role of UPR is probably not limited to 4 5 2 protein folding capacity and further experiments are needed to delineate the role of UPR in 4 5 3
repressing virus accumulation. 4 5 4
In conclusion, this paper brings new knowledge on UPR and details the function of the 4 5 5
Arabidopsis UPR signaling during potyvirus and potexvirus infection that could be useful for 4 5 6 increase plant virus resistance. We provide evidence of the role of bZIP17 under chronic ER 4 5 7 stress led by virus infection. We reveal that the two UPR arms seem to be mainly associated with 4 Immunoblot analysis. 5 0 0
For detecting viral proteins, immunoblot analysis was carried out using virus-infected 5 0 1 inoculated leaves, harvested at 5 or 8 dpi for PlAMV-GFP or TuMV-GFP, respectively. 5 0 2
PlAMV-GFP fluorescence appeared earlier than TuMV-GFP fluorescence in inoculated leaves 5 0 3 (Fig. S1 ). Total protein was extracted using standard methods (Ye et al., 2011) and quantified 5 0 4
using the Pierce™ Coomassie Plus assay (ThermoFisher, Rockford, IL, USA). Then nine µg of 5 0 5
protein per sample were loaded onto 15% SDS-PAGE gels. For ATG8 detection, we harvested 5 0 6
systemically infected leaves at 25 dpi, and total protein was extracted using a buffer comprised 5 0 7
of 50 mM NaH2PO4 (pH 7.0), 200 mM NaCl, 10 mM MgCl2, 10% glycerol, 0.2% 5 0 8 β -mercaptoethanol and protease inhibitor cocktail (Sigma-Aldrich Co., St. Louis, MO, USA). 5 0 9
Then for each sample, 15 µg of protein were loaded onto 15% SDS-PAGE gels containing 6M 5 1 0 urea. In both experiments, the Trans-Blot® Turbo™ Transfer System (Bio-Rad Laboratories, 5 1 1
Hercules, CA, USA) was used for electroblot transfer of proteins to PVDF membranes where 5 1 2
were later probed with antisera detecting the viral CPs (Agdia, Elckhardt, IN, USA) or Atg8 5 1 3
(Abcam, Cambridge, UK). 5 1 4 5 1 5
Analysis of local and systemic infection. 5 1 6
Analysis of local and systemic infection was optimized and reported (Gaguancela et al., 5 1 7 2016). To analyze PlAMV-GFP or TuMV-GFP in the inoculated leaves, we acquired fluorescent 5 1 8 images at 5 dpi and 8 dpi, respectively. To analyze systemic PlAMV-GFP or TuMV-GFPinfection, 5 1 9
we acquired fluorescent images at intervals between 10 and 19 dpi. Image J software quantified 5 2 0 the fluorescent intensity. The results represent the average fluorescence value (FV) for at least 6 5 2 1 plants. For comparisons of inoculated leaves, reported the average FV for each treatment 5 2 2
relative to the control. We plotted the FV values representing systemic infection and used 5 2 3 ANOVA (P<0.05) to validate the results. 5 2 4 5 2 5
Chaperone protection assays. 5 2 6
Arabidopsis seeds were sterilized with 50% bleach and 1% Triton X-100 for 10 min and 5 2 7
then washed five times with sterile water. We stratified seeds for three days at 4°C, and then 5 2 8
germinated on solid (0.8% agar) ½-strength Murashige and Skoog medium including 2% 5 2 9
glucose (½-MS) in a growth chamber for 10 days under long-day conditions. Seedlings were 5 3 0 then vacuum infiltrated with the infectious clones of PlAMV-GFP (OD600=0.5 to 0.7) and 5 3 1 transferred to liquid ½-MS medium for 24h. Seedlings were washed with ½-MS medium 5 3 2 containing 100 µg/mL Timentin and then cultivated on solid ½-MS medium containing 100 µg/mL 5 3 3 timentin plus 01.mM DTT or 0.5mM TUDCA. Plantlets were harvested at 15 dpi and ground in 5 3 4 liquid nitrogen before GFP extraction in PBS buffer. We quantified GFP fluorescence using a 5 3 5
Fluoroskan FL microplate fluorometer (Ex/Em=485 nm/538 nm), and the results were expressed 5 3 6
in arbitrary fluorescence units per fresh weight (FLU/mg) and were averaged for three to four 5 3 7
plants. Statistical analysis was conducted using the Student t-test (P<0.05). 5 3 8 5 3 9
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